The diffusion of plastoquinol in the chloroplast thylakoid membrane is modelled using Monte Carlo techniques. The integral proteins are seen as obstacles to diffusion, and features of percolation theory emerge. Thus, the diffusion coefficient diminishes with increasing distance and there is a critical threshold of protein concentration, above which the long-range diffusion coefficient is zero. The area occupied by proteins in vivo is assessed and appears to be around this threshold, as determined from calculations assuming randomly distributed noninteracting proteins. Slight changes in the protein arrangement lead to pronounced changes in diffusion behaviour under such conditions. Mobility of the proteins increases the protein occupancy threshold, while boundary lipids impermeable to PQ diffusion decrease it. Further, the obstruction of plastoquinone/plastoquinol binding sites in a random arrangement is evaluated. D
Introduction
Thylakoids are the site of photosynthetic electron transport. In higher plants, they are highly structured by densely packed integral proteins, the latter being Photosystem (PS) II, light-harvesting complexes (LHC) II, cytochrome (cyt) bf, and PS I associated with LHC I. In higher plants, functional PS II is located in appressed membranes of the grana core, whereas PS I is only found in nonappressed thylakoids, the stroma lamellae, and grana margins [1] [2] [3] [4] [5] [6] . The distribution of cyt bf complexes is less certain. It has been suggested that cyt bf complexes are almost homogeneously distributed [5, 7, 8] . Lateral electron flow between the integral proteins is managed by two mobile electron carriers: plastoquinol and plastocyanin. The hydrophilic plastocyanin diffuses in the lumen space and mediates electron transport between cyt bf and PS I whereas electron transport between PS II and cyt bf is mediated by plastoquinol diffusion within the lipid bilayer.
However, electrons liberated at PS II in the grana core must diffuse over the relatively large distance of up to 300 nm to cyt bf in the grana margins. In the thylakoids, the protein density is very high. Using published data on protein structures and lipids, Kirchhoff et al. [9] calculated an area occupation by proteins of between 60% and 70%. Thus, the proteins are densely packed and it has been argued that integral proteins may act as obstacles to PQ diffusion. There is indeed good evidence for restricted diffusion. The plastoquinone diffusion coefficient in thylakoids was found to be two orders of magnitude less than in protein-free liposomes [10] .
When diffusion of a mobile particle in a homogeneous medium is considered, the diffusion coefficient D, often referred to as the 'diffusion constant', is only dependent on the characteristics of the diffusing particle and the medium. This changes in the presence of obstacles when the medium becomes inhomogeneous and the apparent diffusion coefficient becomes more complex. The effects of obstacles on the diffusion of a mobile species can be described by percolation theory. According to this theory (see, e.g., Refs. [11, 12] ), the apparent diffusion coefficient is strongly dependent on the travelled distance being considered r and the concentration c of obstacles, so that we write D app (r, c) to signify that there is this dependence. For diffusion without obstacles, c = 0, the diffusion coefficient D app (r, 0) is constant and independent of the distance travelled. This corresponds to the diffusion coefficient D in a homogeneous medium. For simplicity, from here on the subscript 'app' will be omitted and we will refer to the apparent diffusion coefficient D app (r, c) as the diffusion coefficient D(r, c). The diffusion coefficient in the absence of obstacles, i.e., in an homogeneous medium, will be referred to as D(0).
When obstacles are introduced, the diffusion coefficient D(r, c) decreases with increasing distance travelled, r, over a certain range, dependent on c, and then levels off. Over short distances, a diffusing particle is unlikely to encounter an obstruction, and the diffusion coefficient is similar to that without obstacles. With growing distances, the particle must take a tortuous path through the obstructions. As a consequence, the diffusion coefficient decreases with the travelled distance, r. This effect increases dramatically for higher area occupation, c. At low concentrations of obstacles, all vacancies are connected by some unbroken path and thus the mobile particle can eventually diffuse to any vacant site on the lattice. As the concentration of obstacles increases, some isolated clusters of vacancies appear. A tracer that starts in one of these finite clusters of vacancies is trapped, while other tracers that start on the infinite cluster of vacancies can still diffuse to infinite r. At still higher obstacle concentrations, only isolated clusters of vacancies are present. Each tracer is trapped on some cluster, and no long-range diffusion is possible. This critical concentration is called the percolation threshold (c p ) and is defined as the highest concentration of obstacles at which an infinite cluster of vacancies exists. It means that the long-range (large r) diffusion coefficient of the mobile species (e.g., plastoquinone) declines to zero when the fraction c of obstacles is greater than the percolation threshold, c p .
Lavergne and Joliot observed the lack of rapid equilibration between plastoquinone and QA (the primary acceptor of PS II) throughout the membrane and they explained this by suggesting that PQ diffusion is restricted to small clusters of vacancies (microdomains) within the membrane [13 -16] . PQ would diffuse freely within such a microdomain but would not migrate rapidly across domain borders, which are formed by densely packed integral proteins (obstacles). Kirchhoff et al. [17] extended this concept by assuming that these clusters of vacancies (microdomains) are formed by a hierarchy of interactions between PS II and LHC II.
In our investigation, plastoquinol diffusion is simulated using the Monte Carlo method. The Monte Carlo algorithm was first introduced by Metropolis et al. [18] as a sampling algorithm to calculate properties of substances that may be considered as composed of interacting individual molecules. Today, the name 'Monte Carlo' stands for numerical algorithms using random numbers to find an approximate solution of a complex system. It is often used for stochastic problems that are too complex to be solved analytically. The Monte Carlo method has been extended to a broad range of physical and biological systems. It has also been applied to diffusion in biomembranes (as examples, see Refs. [19 -23] ). Saxton [19] has investigated the effect of mobile obstacles on lateral diffusion in an archipelago. In a subsequent paper [20] , he investigated the distance dependence of the diffusion coefficient of mobile tracers in the presence of immobile obstacles. He found that long-range diffusion can be severely restricted by a high concentration of obstacles. Saxton discussed his results in a broad range of biological contexts. Mitchell et al. [21] used the Monte Carlo method to study electron transport in thylakoids. Their model combined a deterministic simulation of reaction kinetics with a Monte Carlo approach to the diffusion of plastoquinol. They compared different mechanisms of plastoquinol oxidation; a collisional mechanism that implies an immediate oxidation of plastoquinone on a successful encounter with cyt bf and a tight binding mechanism that includes an irreversible binding of PQ to the Q o side of the cyt bf complex before its slow oxidation takes place. For both mechanisms, comparisons were made between diffusion-limited and a nondiffusion-limited reaction of plastoquinol. With their model, they obtained best fits to experimental data on P700 reduction kinetics when assuming either a very rapid tight-binding step for PQH 2 oxidation and a diffusion coefficient z 3 Â 10 À 7 cm 2 /s or a nondiffusion limited collision mechanism and a low diffusion coefficient of z 2 Â 10 À 8 cm 2 /s. The diffusion of phosphorylated light-harvesting complexes in thylakoid membranes has been investigated by Drepper et al. [22] . From their results, Drepper et al. suggested a diffusion coefficient of 4.4 Â 10 À 13 -1.9 Â 10 À 12 cm 2 /s for unphosphorylated LHC II and 1.9 Â 10 À 12 -4.4 Â 10 À 12 cm 2 /s for phosphorylated LHC II, respectively. Movement of the integral proteins according to these diffusion coefficients was suggested by Drepper et al. to prevent the formation of isolated diffusion domains. However, this is not consistent with the suggestion of Lavergne, Joliot, and their coworkers [13 -16] that the plastoquinone pool within the grana membrane is composed of substantially isolated smaller pools that equilibrate slowly within that time.
Most published simulations of diffusion between obstacles are restricted to circular or hexagonal obstacles or differ in some other manner from the situation in thylakoids. Here, we present a Monte Carlo approach to the simulation of domain formation for plastoquinone diffusion in grana incorporating more realistic protein shapes. The complexes consist of PS II with tightly bound LHC II [24] , cyt bf [25] , and LHC II [26] . The aim is to investigate whether the high protein density in the thylakoids is sufficient to lead to the formation of diffusion domains if the distribution of the proteins is random. The obstruction of plastoquinone/plastoquinol binding sites in a random arrangement is considered. Based on the results from the previous sections, we examine the influence of protein shape, boundary lipids, and protein mobility on plastoquinone diffusion.
Methods
The Monte Carlo calculations are carried out for a square lattice. Initially, tracers and immobile obstacles are distributed randomly on the lattice at the required concentrations. Then, at each time step, the tracers are allowed to move to an immediately adjacent unoccupied site by a random walk (diagonal movements are not considered). A move by a tracer can be blocked by an obstacle but not by another tracer. Tracers can occupy the same vacancy. Hence, the tracers are not influencing each other and consequently one run with 1000 tracers equals 1000 runs with one tracer in the same arrangement of proteins. This is chosen to save computing time. On the other hand, it means neglecting the size of the plastoquinone molecules. However, for an occupied area fraction (obstacles) of circa 75% and a stoichiometry of six plastoquinone per PS II, the area occupied by PQ would be below 1% of the total area.
The mean square displacement hr(t) 2 i of the tracers is obtained as a function of time, and the diffusion coefficient (D(r, c)) is obtained according to Einstein's equation for the diffusion in two dimensions: 4D(r, c) = hr(t) 2 i/t [27, 28] . The algorithm used to place the obstacles randomly on the lattice is as follows. A random site and a random orientation of the particle is chosen. If the site is vacant, the obstacle is placed at this site; otherwise, another random site is chosen. If no vacant site is found after a given number of tries, all obstacles already placed on the lattice are moved to a random nearest-neighbour site (if the site is not vacant, the obstacle remains in place). After this rearrangement, the procedure of finding a free site for the particle to be placed is repeated. This goes on until the particle eventually is placed on the lattice (for computational simplicity for investigations with LHC II with boundary lipids, the procedure is slightly different: Here if no vacant site for a particle is found after a given number of tries, the procedure is started again instead of moving the particles already being placed on the grid).
A similar procedure is used for the movement of the tracers. At each time step, all tracers are moved, but the move for each tracer is chosen independently. In each move, the particle attempts to move to a randomly chosen nearestneighbour site. If the site is vacant, the particle moves to that site; if the site is blocked by an obstacle, the particle remains in place. This is in contrast to the algorithm used to place the obstacles on the lattice where the search for a free site is continued until a vacant site is found. The algorithm for the movement of the tracers is in principle the same as the algorithm used by Saxton [19] . The pseudorandom numbers generator used [29] produces more than 2 Â 10 18 random numbers (see also Ref. [30] ).
For the movement of the mobile obstacles, a similar procedure is used. In the case of mobile point obstacles, the diffusion coefficient for the obstacles is chosen to be the same as for the tracers, corresponding to their similar size. For mobile circles, the diffusion coefficient for LHC II and cyt bf is assumed to be three orders of magnitude lower than that for plastoquinone diffusion. The diffusion coefficient of PS II is scaled according to the different areas the proteins occupy on the grid. The different diffusion coefficients for individual complexes are modelled by reducing the number of random steps of these complexes relative to that of the tracers. After all tracers have been moved, each complex is moved with the probability p = D obstacle /D tracer .
The lattice is modelled with periodic boundary conditions, i.e., the actual shape of the lattice corresponds to a torus (see also Fig. 1 ). Consequently, a particle that is positioned at one edge of the lattice is continued at the opposite side. The lattice spacing is chosen as 1 nm. This is related to the typical size of lipids. Thus, at each time step, a tracer travels 1 nm.
To determine the diffusion coefficient, a lattice size of 200 Â 200 nm with 1000 tracers is used, and with 500 different initial distributions of the obstacles. Each simulation is carried out for a maximum of 10 5 timesteps. For the runs with mobile, circular obstacles, only 200 different initial distributions are used due to the long computing times. All diffusion coefficients are normalised [D n (r, c)] to one in the absence of obstacles (here D(0) = 3.5 Â 10 À 7 cm 2 /s, corresponding to the diffusion coefficient measured in pure phosphatidylcholine vesicles [31] ). Using the Einstein equation hr(t) 2 i = 4D(0)t, one time step relates to 7.14 Â 10 À 9 s. The simulation is written in C++ and runs under Windows and Linux on a personal computer. The program allows interactive selection of the structural parameters of the membrane model under graphic control. Parameters that can be chosen interactively are: display of the graphical control (on or off ); size of the grid with periodical boundary conditions in nm Â nm; diffusion coefficient of the tracer in the absence of obstacles, D(0); shape of the proteins (given as a file with the affine coordinates); the stoichiometry between the three different proteins; (relative to cytochrome bf ); the fraction of occupied grid points; number of runs (that is the number of different initial distributions); number of tracers; number of timesteps; timepoint for measuring the distance (e.g., every time step or every 10th time step); for the boundary lipids, the type of occupation (e.g., none, permeable, or impermeable to PQ diffusion).
Summary of the assumptions and approximations

Consequences of using a lattice
A lipid bilayer is a discrete medium. Therefore, it seems reasonable to use a lattice in the simulation. Due to the discrete nature of the lattice, the continuum diffusion is replaced by lattice diffusion. However, this does not appear to be a major limitation [32] (for more information concerning lattice geometry and continuum, see Ref. [33] ).
Percolation threshold
The diffusion coefficients D n (r, c) obtained are used to determine the percolation threshold. However, it has to be mentioned here that the percolation threshold thus obtained is an apparent value, defined as the concentration at which the diffusion coefficient D n (r, c) goes to zero. To find the true threshold, one would need to analyse the long-range connectedness rather than D n (r, c) and plot the probability of connectedness versus the concentration and extrapolate to infinite system size (see, e.g., Ref. [32] ). However, in the present work, the geometry is very specialized and therefore the apparent percolation threshold is used instead.
Obstacle geometry
The average area occupied by a particle (depending on its orientation) is as follows:
Interaction
A pure hard-core interaction between obstacles or between obstacles and tracers is assumed. Further, the perturbation of the lipid matrix by proteins is neglected (for more detail on treatment of perturbation, see 'dynamic boundary layer' models as mentioned, e.g., in Refs. [33 -35] ).
Results
We start our considerations with the determination of the stoichiometry of the integral proteins and the area that they occupy in grana thylakoids. This is followed by the simulation of plastoquinone diffusion between obstacles exhibiting a realistic shape, derived from structural analysis of the integral photosynthetic proteins (PS II with tightly bound LHC II [24] , cyt bf [25] , and LHC II [26] ; Fig. 2 ). The integral proteins are assumed to be randomly distributed. Different protein densities are investigated and plastoquinone diffusion in such an arrangement is examined. Thirdly, we show the influence of the obstacle (protein) size and shape, which is of importance for evaluating possible consequences of the formation of photosynthetic supercomplexes. Next, the influence of boundary lipids surrounding light-harvesting complexes, the most abundant integral proteins, is described. Finally, the influence of obstacle mobility on the plastoquinone diffusion coefficient is described.
3.1. Estimation of the stoichiometry of the integral proteins in the grana core and of the area covered by these proteins
The exact area that proteins occupy in the thylakoids is not known and differing values can be found in the literature. Kirchhoff et al. [9] calculated from available structural data an area of between 60% and 70%. However, in the grana core, the area covered with protein might differ somewhat from the average value for the whole thylakoids. Therefore, an estimation of the area covered with proteins in the grana core is carried out similar to that in Ref. [9] . Concentration of lipids per mole of chlorophyll: A lipid concentration of 1.43 F 0.14 mol lipids/mol Chl follows from (e). As the lipids are organized as a bilayer, this leads to 0.72 F 0.07 mol lipids/mol Chl.
The relationship between the occupied area fraction and the stoichiometries is illustrated in Table 1 .
The results shown in Table 1 lead to an occupied area fraction of 0.70-0.77. Fig. 2 illustrates the model of the thylakoid membrane used in the simulation. It depicts the shape of the photosynthetic proteins and their random arrangement in the membrane. The dependence of the normalised diffusion coefficient D n (r, c) of a point tracer on the protein concentration and the distance travelled is shown in Fig. 2 . In accordance with percolation theory, the diffusion coefficient in the absence of obstacles D(0) is constant and independent of the travelled distance. For diffusion in the presence of obstacles, it can be clearly seen that the diffusion coefficient becomes distance dependent and decreases with increasing distance travelled (r). As expected from percolation theory, this effect becomes more significant for higher area occupation. Finally, the percolation threshold c p is reached at an occupied area fraction between 0.6 and 0.7. Beyond this point, the tracers are trapped within diffusion domains.
Diffusion between randomly distributed, immobile photosynthetic proteins
In thylakoids, proteins may well cover an area close to 70% (i.e., an occupied area fraction of 0.7) (see above and Ref. [9] ). For the protein shapes investigated (immobile, and without specific protein -protein interactions), this is around the percolation threshold. Thus rapid plastoquinone (PQ) diffusion is expected to be restricted. Under the given conditions, free PQ exchange can probably not occur for distances over 20 nm for an occupied area fraction of 0.7 (9.4 nm for a fraction of 0.75). The average distance (centre to centre) from one cytochrome bf complex to the closest PS II is about 15 nm at protein densities of 60% (c = 0.6) to 75% (c = 0.75) (Fig. 3) . Accordingly, a cyt bf in an average diffusion domain is expected to be accompanied by at least one PS II. Analysing the distribution of the distances from cyt bf complexes to PS II, it is found that for an occupied area fraction of 0.7, about 1.77 PS II are located within the distance of 20 nm (47 different protein distributions were analysed each with 23 cyt bf and 60 PS II). For an occupied area fraction of 0.75, only 0.11 PS II per cyt bf are located within a radius of 9.4 nm (40 different protein distributions were analysed each with 25 cyt bf and 64 PS II). This illustrates the huge effect that a slightly increased area occupation has if the area covered with proteins is near the percolation threshold.
Conversely, for many PS II, there is no cyt bf complex in close vicinity (see Fig. 2 ), i.e., these centres are isolated, at least within the time frame of rapid electron flux. For an occupied area fraction of 0.7, about 50.2% ( F 5.2%) of the PS II complexes are at a distance larger than 20 nm from the next cyt bf (200 different protein distributions were analysed). For an occupied area fraction 0.75, as much as 95.9% ( F 2.8%) are located at a distance greater than 9.4 nm, which would allow free plastoquinone diffusion.
It has to be noted, however, that the values given above are average numbers. Given the size of diffusion domains and the reactant concentrations, the reactants will be Poisson-distributed in the domains, and this may have a significant effect on the reaction rates (see, e.g., Refs. [41 -43] ).
However, if the occupied area fraction is below the percolation threshold, PQ may travel over a fairly large distance during the time course of photosynthetic electron transport. In Fig. 4 , it is shown how tracers (plastoquinol) spread out from a randomly chosen site (e.g., a binding site on PS II) within a few milliseconds. The occupied area fraction is chosen to be 0.6, which is close to domain formation but still below the percolation threshold. Plastoquinone diffusion is very fast compared to the time for photosynthetic electron transport. Therefore, if it is not trapped in a diffusion domain, PQ could migrate within a few milliseconds over a large area and visit a large number of cytochrome bf complexes. In this scenario, PQ diffusion certainly would not limit electron flux (turnover time c10-15 ms).
Obstruction of binding sites in a random distribution
A random arrangement results in a certain fraction of binding sites on PS II or cyt bf that are obstructed by other proteins. Not much is known about the exact size of the different binding sites. Therefore, the simplest case of a binding site of the size of PQ is assumed in the investigations. However, the size will of course influence on the results. Assuming a size and position of the binding sites as shown in Fig. 5 , the percentages of obstructed binding sites are as shown in Table 2 .
For all occupied area fractions, the percentage of obstructed Q B binding sites on PS II is very similar to that of Q r binding sites on cyt bf. In contrast to these binding sites, the fraction of obstructed Q o binding sites on cyt bf is relatively low as it is less exposed (see Fig. 5 ). Obviously, the differential obstruction of different binding sites is highly dependent on their exact position at the protein. In this respect, realistic shapes may play a major role and should be taken into consideration.
However, the obstruction of binding sites discussed here should not be confused with inactive PS II centres discussed by Lavergne et al.. They defined inactive PS II as centres without access to cyt bf. The occurrence of PS II without access to cyt bf due to diffusion restriction is discussed above (Fig. 3) .
Relationship between the shape of the obstacles and the diffusion coefficient D n (r, c)
The diffusion of a mobile particle (e.g., plastoquinone) between immobile obstacles is highly dependent on the size and shape of the latter. To elucidate this dependency, different types of obstacles are compared: (1) point obstacles ( Fig. 6 ) and (2) circular obstacles of a size comparable to that of the photosynthetic proteins (Fig. 7) . Fig. 6 shows the distance dependency of the normalised diffusion coefficient D n (r, c) of mobile particles diffusing between immobile point obstacles. The percolation threshold c p is reached at an occupied area fraction between 0.4 and 0.5. This is in accordance with the expected value of 0.41 for a square lattice (triangular lattice: 0.50; continuum: 0.332 [11, 19, 32, 44] ).
In principle, effects similar to those seen for realistic protein shapes can be seen for circles ( Fig. 7 ; also, compare Fig. 2 showing the results for realistic shapes). However, point obstacles (Fig. 6 ) are much more efficient in hindering Columns show the distance plastoquinone is allowed to travel.
particle diffusion than are more compact obstacles. For immobile point obstacles, the percolation threshold at which diffusion domains are formed is around c p = 0.4. For circles and the protein shapes, it is above 0.6. As can be seen by comparing Figs. 2 and 7, the percolation threshold c p for circles is slightly higher than for realistic shapes of comparable size. Overall, however, Table 2 . The values represent the average of 500 different random arrangements, and the matrix is 200 Â 200 nm. The size and position of the binding sites are assumed to be as shown in Fig. 5 . It should be noted that only binding sites directly blocked by a protein are counted. the effect of realistic protein shape, compared to shapes of equal size on PQ migration, is relatively small.
Influence of boundary lipids on the plastoquinone diffusion
There is some evidence that protein complexes in grana stacks are surrounded by lipids (boundary lipids) preventing direct protein contact. Ivancich et al. [45] found a heterogeneity in the boundary lipid fraction in grana stacks. About 2/3 of the boundary lipids exchange rapidly with bulk lipids whereas 1/3 exchanges very slowly or not at all with bulk lipids. It is likely that the latter fraction represent lipids localized in the protein contact zones.
In our model, boundary lipids are regarded as an additional layer surrounding the LHC II. It is further assumed that boundary lipids can be shared by neighbouring LHC complexes, i.e., that there may be as little as one common layer of lipids between two neighbouring LHC II (see Fig.  8 ). For an area fraction of 0.6, this leads to a fraction of 0.48 of the lipids belonging to boundary lipids. The boundary lipids are not assumed to interact with the other proteins. Although other proteins have boundary lipids too, it seems sufficient to consider here the boundary lipids of LHC II as it is the most abundant protein in the grana core and here the boundary lipids may be of particular structural importance (see Discussion).
Two extreme cases are investigated:
(1) all boundary lipids are permeable to plastoquinone diffusion. Thus, PQ can diffuse through 'boundary lipid channels' (Fig. 8, middle) . (2) All boundary lipids are impermeable to plastoquinone (Fig. 8, bottom) .
As can be seen from Fig. 8 , the diffusion behaviour for the two scenarios is quite different. For permeable boundary lipids (case (1)), PQ diffusion is facilitated (Fig. 8,  middle) . In this case, the boundary lipids act as a spacer preventing the formation of closed diffusion domains. For case (2) , the simulation predicts a drastically obstructed PQ diffusion (Fig. 8, bottom) compared with the situation in the absence of boundary lipids (see Fig. 2 ). Impermeable boundary lipids increase the apparent size of the LHC II by circa 35% and hence lead to a drastically obstructed PQ diffusion.
Overall, boundary lipids may play an important role in plastoquinone diffusion in grana stacks and be of considerable physiological significance. Fig. 2 . The radius of the obstacles corresponding to PS II (dark grey) is 9.23 nm, the radius for those corresponding to cyt bf (black) and LHC II (light grey) is 3.13 nm. This leads to about the same number of occupied lattice points as for the obstacles of realistic shapes. 
Effect of mobile obstacles
In Figs. 9 and 10, the normalised diffusion coefficient for tracers diffusing between mobile obstacles is shown. It can be seen that the diffusion coefficient approaches a constant (concentration dependent) value as r, the distance travelled, increases.
As point obstacles and tracers are of comparable size, each is given the same diffusion coefficient. In this case, no percolation threshold exists and long-range diffusion can occur at all concentrations (see Fig. 9 ). This is in accordance with previous simulations [19, 46] . Fig. 10 shows the effect of mobile, circular obstacles, corresponding in size to the photosynthetic proteins. The diffusion coefficient for LHC II and cyt bf is assumed to be three orders of magnitude lower than that for plastoquinone diffusion (D(0) = 3.5 Â 10 À 7 cm 2 /s). A diffusion coefficient of 4 Â 10 À 10 cm 2 /s was determined for the cytochrome bc 1 complex in mitochondria [47] . The diffusion coefficient of PS II is scaled according to the different areas the proteins occupy on the grid.
In Fig. 10 , the normalised diffusion coefficient for diffusion between mobile and immobile circular obstacles Fig. 2 , but here a layer of boundary lipids is surrounding the LHC II complexes. Middle: The distance-dependent normalised diffusion coefficient D n (r, c) for the case where boundary lipids are assumed permeable to plastoquinone. That means plastoquinone can exchange easily with the lipids and thus travel unobstructed through the sites occupied by boundary lipids. Bottom: Here the boundary lipids are assumed to be impermeable to plastoquinone. A plastoquinone cannot travel to a site blocked by a boundary lipid. Due to the layer of boundary lipids, the size of the proteins to fit in the lattice is increased (independent of the nature of the lipids, i.e., permeable or impermeable to PQ). Therefore, it takes a long computing time to find a free site on the lattice if the occupied area fraction is very high. For that reason, calculations for occupied areas larger than 0.6 were not carried out. The diffusion coefficient of the point obstacles was assumed to be the same as that of the tracer. Area occupation is as indicated. Fig. 10. As Fig. 9 . The solid line shows the diffusion coefficient for the case of mobile spherical obstacles whereas the dashed line shows the diffusion coefficient for the case of immobile spherical obstacles. The dotted horizontal line shows the value of 0.06 that the solid line approaches for large r. The radius of the circles was chosen to match the obstacle area with that of photosynthetic proteins as shown in Fig. 2 . The diffusion coefficient of LHC II and cyt bf was assumed to be three orders of magnitude lower than that of the tracer. PS II occupies an area that covers 265 grid points, whereas LHC II occupies an area that covers 33 grid points. Accordingly, the diffusion coefficient of PS II was assumed to be 33/265 times that of LHC II. For comparison, curves for immobile point obstacles and protein shapes are also shown. The occupied area fraction used was 0.7.
is shown for an occupied area fraction of 0.7. The area fraction investigated is above the percolation threshold found for an arrangement with immobile obstacles. It can be seen in Fig. 10 that in the case of mobile obstacles, the normalised diffusion coefficient approaches a value of 0.06 for large r (dotted line). This corresponds to a diffusion coefficient of 2.1 Â 10 À 8 cm 2 /s. Accordingly, a PQ could travel farther than 290 nm within 10 ms. How effective mobile obstacles are in hindering plastoquinone diffusion certainly depends on the diffusion coefficients of the obstacles. In our simulation, a diffusion coefficient for LHC II of the same order of magnitude as for cyt bf is assumed, corresponding to their similar sizes. It has to be noted, however, that the LHC II diffusion coefficient in vivo is expected to be much lower due to protein -protein interaction and interaction between LHC II complexes in adjacent grana discs.
Discussion
The diffusion of plastoquinone in the thylakoid membrane was studied by a Monte Carlo simulation. The diffusion coefficient for plastoquinone was determined assuming that randomly distributed integral proteins obstruct lateral plastoquinone diffusion.
First, we will discuss the situation of plastoquinol diffusion between immobile obstacles exhibiting a realistic shape. Next, the influence of the shape of the obstacles will be examined. In the third part of this section, the influence of boundary lipids will be discussed, followed by a discussion of the diffusion between mobile obstacles.
Diffusion between immobile obstacles of the shape of photosynthetic proteins
It was found that the diffusion coefficient decreases strongly with increasing protein densities and distance travelled. This is in agreement with percolation theory [20] and the observation that plastoquinone diffusion in thylakoids is much slower than in pure liposomes [10] . It shows that any experimental determination of the diffusion coefficient in the presence of obstacles needs to take into account its distance dependency. Differing experimental setups will involve measurements of different travelled distances leading to different estimates of D(r, c), e.g., in measurements by fluorescence photobleaching recovery typically r c 1 Am, whereas in measurements by eximer formation or fluorescence quenching r c 1-10 nm (see e.g., Refs. [20, 48, 49] ).
With increasing protein densities, the diffusion is further obstructed. Finally, the long-range (large r) diffusion coefficient declines to zero when the area fraction c of obstacles is greater than the percolation threshold c p . This raises the question of how close thylakoid membranes are to the percolation threshold beyond which fast long-range PQ migration is disrupted. For randomly distributed, noninteracting, immobile proteins, an occupied area fraction between 0.6 and 0.7 leads to the formation of diffusion domains (Fig. 2) . Interestingly, a critical reevaluation of the protein density has led to the conclusion that the occupied area fraction could be as high as 0.64 -0.74 in thylakoids (see Ref. [9] and references therein) and 0.70-0.77 in grana (see Table 1 ).
The simulation presented here shows that despite the retarding effect of protein density, below the percolation threshold, PQ can equilibrate throughout the membrane. Plastoquinone diffuses extremely quickly compared to electron transport, and thus reduced plastoquinone, PQH 2 , could travel the distance from each PS II to a cytochrome bf complex to deliver electrons within an appropriate time (see Figs. 3 and 4) . The situation is very different for an occupied area fraction of 0.7 where domains are formed under the conditions used in the simulation. Here PQ is trapped in diffusion domains. Within such a domain, it can diffuse freely but it cannot leave its domain. The average greatest pathlength for PQ diffusion is approximately 20 nm at this occupancy of 0.7 (Fig. 2) . Correspondingly, cyt bf in a certain diffusion domain can only contribute to linear electron flux when at least one PS II complex is closer than 20 nm. This seems to be the case in an average domain: a mean centre -centre distance of about 15 nm between cyt bf and the next PS II is estimated for an area occupation of 0.6-0.75 (see Fig. 3 ). A different picture emerges for PS II. More than 50% of the PS II are separated from cyt bf by a distance of more than 20 nm and hence, are located in 'cytbf-free' domains, at least within the time scale of rapid electron transport (10 -15 ms).
Since thylakoids are highly covered with proteins, possibly very close to the percolation threshold, slight changes in the protein arrangement could lead to pronounced changes in the diffusion behaviour. In the following, we discuss several factors that could influence the percolation threshold and shift it one way or another.
Obstacle size and shape
The retarding effect of obstacle density decreases with increasing obstacle size (compare Fig. 6 with Figs. 2 and 7) . This is an important observation and in accordance with the results of Saxton [20] . It indicates that aggregation of proteins to larger 'supercomplexes' could facilitate the migration of small molecules like PQ within the membrane (see also Ref. [50] ). Large electron transport supercomplexes have been found for bacterial systems [51] , and in higher plants large PS II -LHC II supercomplexes have been observed [52, 53] . The formation of such aggregates may lead to more compact obstacles and thus minimise obstruction of PQ diffusion (i.e., increase the percolation threshold). Interestingly, although high protein concentrations reduce PQ mobility, macromolecular crowding on the other hand favours associations of proteins in macromolecular structures [50, 54, 55] , which are in turn less efficient in hindering PQ diffusion.
For realistic shapes, the ratio of circumference to area is higher than for circles of equal size. Correspondingly, circles are more compact and less efficient obstacles than realistic shapes (see, e.g., the studies by Xia and Thorpe 1 and Almeida and Vaz [33, 34, 56] ). This explains the slightly higher percolation threshold found for circles. However, the difference in their percolation thresholds is not very pronounced. Thus, for simulations of PQ diffusion, the assumption of circular shapes is a good approximation. This may not necessarily be the case for investigations of electron transfer at protein binding sites. If one regards more specific features of PQ turnover, e.g., the accessibility of PQ binding sites and binding probability, then the protein shape may well play a role. Table 2 suggests that the probability that binding sites are obstructed by other proteins depends on the shape of the protein and on the position of the binding site. Furthermore, the shape of the proteins may be important for the formation of cavities that affect the accessibility of binding sites.
Boundary lipids
It was shown that lipids play an important role in the aggregation of LHC II [57] and there is evidence that phosphatidylglycerol (PG) stabilises the trimeric form of LHC II [58] and promotes the formation of PS II dimers [59] . Boundary lipids can exert a strong influence on the functionality and mobility of integral proteins [60] .
From spin label studies, it is known that lipid mobility in thylakoids is reduced compared to a protein-free lipid membrane [49] . This suggests that a large number of proteins and protein complexes are surrounded by more or less tightly bound boundary lipids. Little is known about boundary lipids in thylakoids. Depending on the degree of their immobilisation, these lipids could be more or less 'permeable' to PQ. Fig. 8 shows possible effects of boundary lipids on PQ diffusion. In our simulation, two extreme cases are considered. In the first case, all boundary lipids are assumed to be completely permeable to PQ diffusion; that is, PQ can rapidly exchange with the boundary lipids. This would lead to the formation of lipid channels and prevent the formation of diffusion domains. In the second case, it is assumed that the boundary lipids are tightly bound and cannot rapidly exchange with plastoquinone and thus impede PQ diffusion. Accordingly, this kind of immobile boundary lipid would lead to a much lower percolation threshold. The two extreme cases have opposite effects, and, most likely, boundary lipids in the real membrane are neither completely permeable nor completely impermeable.
Rather, one might expect a mixture of both or an intermediate state. Furthermore, different proteins could be surrounded by different lipid boundaries. How boundary lipids influence plastoquinone diffusion will certainly depend on the composition and position of the lipids on the proteins. We know too little about boundary lipids in the thylakoids, but we demonstrate here that they may be an important feature of thylakoid structure.
Mobility of the integral proteins
In the previous sections, diffusion of small tracers between immobile obstacles was discussed. In the following, we discuss diffusion between mobile obstacles.
Lateral migration of integral proteins is a basic feature of membrane function, regulation, and biosynthesis. For biosynthesis, function, and acclimation of the photosynthetic apparatus in plants, lateral transport of proteins between stroma lamellae and grana thylakoids is essential [61, 62] . Fig. 9 shows that the obstacle mobility counteracts the formation of diffusion domains. If the obstacles are mobile, no diffusion domains are formed, and long-range diffusion can occur at all obstacle concentrations, as previously shown by Pink [46] . The key question is whether the obstacles are mobile or immobile on the time scale of the process under consideration (e.g., photosynthetic electron transport). This question reflects the differences between the scope of percolation theory for increasing concentrations of immobile obstacles and that of glass transition for increasing concentrations of mobile obstacles (see, e.g., Refs. [63, 64] ). Fig. 10 shows a simulation of plastoquinone diffusion, assuming that the mobility of the obstacles (circular obstacles of a size comparable to that of grana proteins) is three orders of magnitude lower than that of PQ. This corresponds to the diffusion coefficient measured for cyt bf [47] . Under these conditions, the diffusion coefficient for PQ approaches 2.1 Â 10 À 8 cm 2 /s (0.06 Â 3.5 Â 10 À 7 cm 2 / s). Consequently, PQ could travel farther than 290 nm in 10 ms, suggesting that under such conditions electron transport may not be limited by PQ migration. Drepper et al. [22] came to a similar conclusion.
However, the mobility of LHC II is probably restricted by lateral interaction and transverse interaction across adjacent grana membranes. Drepper et al. suggest a diffusion coefficient of 4.4 Â 10 À 13 -1.9 Â 10 À 12 cm 2 /s for unphosphorylated LHC II (see Ref. [22] and references therein). This is two to three orders of magnitude lower than that used in our calculations. Furthermore, a fraction of LHC II is known to form large supercomplexes with PS II [52, 53] . No information exists about the mobility of such aggregates. It is likely that they are highly immobile because of their size and multiple lateral and cross-membrane interactions. Therefore, the diffusion coefficient of LHC II in vivo may be not large enough to prevent domain formation. Clearly, the influence of protein mobility on PQ diffusion is an important factor in understanding PQ percolation in thyla- 1 Xia and Thorpe have studied the percolation properties of ellipses in a continuum as a function of their aspect ratio [33, 56] . Their results can be summarized by the formula p c =(1/3) 4/(2 + y) , with y = b/a + a/b, where a and b are the major and minor semiaxes.
koids. More information about protein mobility in thylakoids is thus required.
Diffusion domains in thylakoids
Mitchell et al. [21] concluded from their simulation of plastoquinone diffusion that electron transport is not limited by plastoquinone diffusion. However, in their model, an occupied area fraction around 0.35 was assumed, which is well below the percolation threshold estimated in the simulation presented here. In a later publication [22] , their model was further developed and included a possible mobility of obstacles and an occupied area fraction of 0.5 -0.7. In this paper, they conclude that if movement of the obstacles occurs, long-range diffusion of a tracer is not prevented, but only retarded. Of course, the extent certainly depends on the diffusion coefficient of the obstacles. On the other hand, from their observation that no global redox equilibrium between the mobile plastoquinone pool and QA at PS II is achieved, Lavergne and Joliot concluded that plastoquinone is restricted to small domains. They regard this kind of microstructure as the result of a free random distribution of proteins without specific protein -protein interactions.
However, for occupied area fractions near the percolation threshold, a random arrangement results in a considerable fraction of domains lacking cyt bf [15, 16] (see also the discussion above) and of obstructed binding sites [13, 15] (see also Table 2 ). According to the simulation presented here, more than 50% of the PS II complexes are isolated on the time scale of rapid electron transfer. Furthermore, the reactions at the Q o binding site are generally assumed to be the rate limiting step of photosynthesis, and thus obstruction of these binding sites seems wasteful. Random high-density distribution of proteins in the membrane could lead to an inefficient microstructure, where electron transport is hindered. On the other hand, tight packing of LHC II and PS II is required for optimal transfer of excitation energy between chlorophyll binding proteins. This suggests that the random arrangement might be structured by such factors as proteinprotein interactions, as suggested by Kirchhoff et al. [17] . They measured the control of electron transport and the redox equilibrium between QA and cyt bf complexes. Their results support the microdomain concept of Lavergne et al. but they suggest that the microdomains are formed by a hierarchy of specific PS II -LHC II interactions rather than by free random distribution.
For further information of interest see http://www. ira.tremmel.net/downloads.htm.
